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The action of many enzymes is inhibited by the products of the 
reaction.  This is particularly  true of the proteolytic enzymes and 
is one of the causes for the decreasing monomoleeular constants found 
under  ordinary  conditions.  In  order  to  study  the  effect  of  this 
inhibiting action of the products, it is necessary to regulate condi- 
tions so that there is no "spontaneous" inactivation of the enzyme. 
It is also necessary to have a relatively small amount of enzyme and 
a large amount of substrate, since otherwise the percentage inactiva- 
tion  of  the  enzyme  will  be  small.  Under  these  conditions  the 
substrate concentration is decreasing owing to  hydrolysis,  and  the 
active  enzyme  is  decreasing  owing  to  the  combination  with  the 
products of hydrolysis.  The mass action equation for the  reaction 
is, therefore, 
dS 
-~  =  KSQ  (1)  dT 
in which S  is the substrate concentration and Q the active enzyme 
concentration at the time, T.  If A  is the concentration of substrate 
when T  =  O, and x  the concentration of products at any time,  the 
reaction may be written 
dx 
--  =  KQ  (A  -  x)  (2) 
dt 
in which Q is also a  function of x.  It has been found  1 that the reac- 
tion between the enzyme and the products of hydrolysis is accurately 
expressed by the equation 
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enzyme  +  inhibitor  ~  enzyme  -  inhibitor  or Q " (x -  (E -  Q)) _- K 
E-Q, 
in which E  -  Q is the combined, ina,ctive enzyme.  It was pointed 
out by Arrhenius  ~ that this equation could be written 
KE  Q=-- 
X. 
as soon as x becomes large with respect to E.  This is a property of 
any  similar  mass  action  system  and  was  verified  experimentally,  t 
If this value is substituted for Q, in equation (2), we obtain 
dx  A  -- x 
d'~  =  KAE ~  (3) 
in which KA is a  constant equal to the product of the reaction veloc- 
ity constant and the dissociation constant for the enzyme-product 
compound.  The integral of this expression (Arrhenius  ~) is 
A 
Aln~  -x 
KA  ~  A--  x 
ET 
This equation assumes that  the reaction rate is proportional to  the 
concentration of substrate and inversely proportional to the concen- 
tration of the products  of the reaction.  It evidently will not hold 
at the beginning of the reaction since the amount of enzyme is not 
inversely proportional to the products of the reaction until this value 
is large with respect to E. 
If the substrate concentration is high there will be a period in the 
reaction during which it will not change markedly.  If this  also  is 
considered constant, equation  (3)  becomes 
dx  E 
-~  s x 
or on  integration 
which is Sch~itz's rule. 
x 
K's -4~ 
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These equations were found by Arrhenius  * to agree quite well with 
Sj6qvist's results and the experiments were repeated and  confirmed 
by the writer.  In both cases the methods used to follow the digestion 
(conductivity or amino acid increase) are open to the objection that 
the value A,  the  total substrate concentration, is rather uncertain, 
and also to the objection that  the  whole  series  of  consecutive hy- 
drolyses  are  followed.  In  the  present  experiments  these  points 
have  been eliminated by following directly the disappearance of the 
protein. 
Experimental  Procedure. 
13 gin. of casein and 4 grn. of boric acid were suspended in water and sodium 
hydroxide added with  stirring until  the  solution was brought to  pH  7.4.  It 
was then cooled to zero and filtered.  2 cc. of trypsin solution were then added 
to 25 cc. portions of the casein solution and the flasks kept in melting ice in the 
ice box.  1 cc. samples  were taken for analysis, diluted to 5 cc., and  precipitated 
with  15  cc.  of 3 per  cent  trichloroacetic acid.  ~  The precipitate  was  washed 
w;th trichloroacetic acid, dissolved in alkali, and made up to  10 cc.  Kjeldahl 
determinations were made on  2  cc.  of this  solution.  The  figures are  the 
average of four determinations.  Under these conditions  there  is  practically 
no spontaneous inactivation of the  enzyme.  A heavy mass of crystals slowly 
separated out during the digestion. 
The result of the experiment is shown in Fig. 1.  Table I shows the 
time required to hydrolyze various amounts of protein and also the 
amount  hydrolyzed  after  various  times.  The  time  required  to 
hydrolyze an  equal  amount is  nearly inversely proportional  to  the 
relative concentration of enzyme whereas the amount of hydrolysis 
at equal times is much less than the relative trypsin concentrations 
and is in proportion to the square root of the relative enzyme con- 
centration  during  a  portion  of  the  hydrolysis.  This  result  shows 
that the rate is decreasing solely as a  function of the substrate con- 
centration and not as a  function of the time.  This is the predicted 
result. 
According  to  Schtitz's  rule,  the  amount  of  protein  hydrolyzed, 
plotted against the product of the square root of the enzyme conceri- 
tration into the elapsed time, should be a straight line and the curves 
for various enzyme concentrations should be superimposable.  Fig. 2 
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shows that this is true over a part of the curve but that the  observed 
points are below the line at the beginning and end of the  experiment. 
The discrepancy at the beginning is due to the fact mentioned  above 
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FZG. 1.  Rate of digestion of casein solutions at 0  ° by 1 and by 3 relative trypsin 
concentrations. 
that the square root relation does not hold until the products of  the 
reaction  are present  in  excess.  The  discrepancy  at  the  end  is  due 
to the decrease in the substrate concentration which, in the derivation 
of  Schiitz's  rule,  is  assumed  constant.  It  will  be  noted,  however, 
that  the  relation  holds  over a  much  wider  range  than  could be ex- JOHN H. NORTHROP  727 
pected on the basis  of constant substrate,  since the equation holds 
fairly well  over  a  range  in  which  the  substrate  concentration de- 
creases from 5  to 2.  This result is due to the fact that the rate of 
hydrolysis is  not proportional to  the total substrate  concentration* 
but nearly independent of it when the casein is over 1 per cent.  The 
assumption used to derive Schtitz's rule, that the rate of digestion is 
TABLE I. 
Time Required to Hydrolyze Varying  Amounts  of Casein with  Varying Enzyme. 
Prote:n hydrolyzed  E  =  trypsin ffi 3.  E  =  trypsin =  1. 
per 0.20 cc. as 
cc. ~/50 N.  Time in days  =  ET. 
1.60 
2.60 
3.60 
4.60 
5.60 
Time.  E'T. 
days 
1.5  4.5 
3.5  10.5 
6.5  19.5 
11.5  34.5 
19  57 
4.8 
12 
19 
28 
46 
Amount hydrolyzed at different times. 
Protein hydrolyzed. 
~T 
days 
2 
4 
10 
2O 
3O 
Trypsin =  3. 
2.0 
2.85 
4.40 
5.6 
6.6 
Trypsin =  i. 
0.8 
1.4 
2.6 
3.85 
4.80 
R 
.  Protein hydrolyzed by 3 trypsin 
at,o: ~y-aYojy;~d~i  ~" 
2.5 
2.0 
1,7 
1.45 
1,4 
independent of the substrate concentration, is therefore experimentally 
correct over a  rather wide range. 
Arrhenius' equation, on the other hand,  assumes that the rate is 
directly proportional to the substrate concentration.  This is not ex- 
perimentally the case, so that Arrhenius' correction is too large and the 
constants for his equation shown in Table II rise toward the end of 
the reaction.  The experimental curve is therefore between the two 
theoretical curves, since the rate of digestion is not quite independent 
of the  substrate  concentration nor is  it directly proportional to it. 
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Neither equation expresses accurately the effect of the substrate con- 
centration on  the rate  of hydrolysis.  Schfitz's rule is  better with 
high concentrations of substrate and Arrhenius' is better with low con- 
centrations.  A similar result was obtained by Dernby.  5 
TABLE  II. 
Comparison of Arrhenius'  Equation  (KA) arm  Schiitz's  Rule  (Ks)  Applied to  the 
Digestion of Casein by Trypsin. 
Time. I  d  --  x 
days 
0  [7.6O 
1  [6.38 
4  [4.68 
6  4.15 
8  [3.52 
11  [3.00 
20  1.95 
27  1.27 
E=3  E--1 
0.74 
0.85 
0.84 
0.82 
0.80 
0.73 
0.70 
A 
AlnA_m--x 
m ~  =.  -E~  x  1o 
0.33 
0.62 
0.63 
0.74 
0.74 
0.78 
0.89 
rime. A  -a KS = -- 
days 
0  7.6O 
3  6.40 
5  5.86 
14  4.40 
19  3.85 
26  3.17 
33  2.65 
40  2.08 
54  1.65 
A 
s  AI~A_  s 
d:~ KA-  ~r 
0.70  0.3 
0.78  0.5 
0.85  0.67 
0.85  0.74 
0.87  0.85 
0.87  0.82 
0.87  1.00 
0.80  1.00 
X I~ 
SUMMARY. 
The rate of digestion of concentrated casein solutions by low con- 
centrations of trypsin at 0  ° has been followed.  Under these condi- 
tions the enzyme is inhibited by the product of the reaction and under 
certain conditions this  effect should lead to  Schtitz's  rule,  i.e.  the 
amount of hydrolysis should be proportional to the square root of 
the product of the time into the enzyme concentration.  This is the 
result obtained.  Both Schtitz's rule and Arrhenlus' equation fail to 
hold accurately owing to the incorrect relation assumed to hold  be- 
tween the rate of hydrolysis and the substrate concentration. 
8 Dernby, K. G., Z. physiol. Chem.,  1914, ~,  425. 